This paper discusses the implications of fiber and web properties on pore size and shape. A large series of simulated images are generated to study the effect of web density, fiber crimp and angular distribution on pore size and shape. Pore
characteristics are analyzed for each of the series using object geometry. The results indicate that crimp and fiber orientation significantly influence the pore characteristics.
Background
It is well known that for a given fabric density and structure, smaller fibers result in smaller pores and better barrier properties, as well as higher flexibility and hand. It is not surprising that there is much effort underway to produce micro-denier and nano fibers in both meltblown and spunbonded fabrics. Similarly, there is significant interest in the use of bicomponent splittable fibers where the fibers are split to form smaller fibers during processing. What is equally important however, is that the pore size and shape characteristics are also influenced by fiber crimp and most importantly by the fiber orientation distribution function (ODF). The interactions between fiber diameter, crimp and ODF have received little or no attention. This situation is intensified by the fact that there are no reliable models available for predicting these characteristics as a function of the process and/or the material.
Both meltblown and spunbonded fabrics are planar, with little or no order or orientation through the thickness. Therefore, the pores in lightweight webs may be idealized as two-dimensional entities. This allows the isolation and characterization of the pores easily. In an attempt to establish the interactions that exist between pore characteristics and fiber and structure properties, we employ a set of simulated images with varying properties. The simulation procedures have been previously discussed [1] . The simulated images reveal the degree to which fiber size and crimp and fabric structure affects the pore size and shape.
Material and Methods
A large set of "nonwoven" images were simulated. These were produced by using the m-randomness method described previously [1] . The set contains images varying in ODF, images employing the same ODF but varying in their crimp, and as images varying in their fiber diameter. The details are given in Table 1 . Typical images are shown in Figures 1-4 .
When dealing with ODF anisotropy, an anisotropy parameter f p can be defined, with the help of the ODF y. The ODF y is a function of the angle q. The integral of the function y from an angle q 1 to q 2 is equal to the probability that a fiber will have an orientation between the angles q 1 to q 2 . The function y must additionally satisfy the following conditions: f p can be defined as The size and shape of an object can be easily determined from its boundary. The steps involved in obtaining the object boundaries have been given detailed treatment elsewhere [2] . The following discussion outlines a general application protocol.
Our simulated images contain two kinds of pixel values: foreground or 'on,' and background, or 'off.' We employ morphological procedures for extracting thinned (one pixel wide) boundaries from these binary images. Unfortunately, thinned boundaries sometimes contain artifacts (e.g., short branches) or adjacent boundaries may be connected by a few pixels. We have implemented a series of neighborhood operations designed to disconnect contiguous boundaries or prune small branches. The resulting image will contain closed line segments of one pixel in thickness without any branch or corner connections. In our system, we represent line segments as a series of directions with the aid of a chain-code algorithm [3] [4] [5] . The chain-codes are converted to coordinates in a twodimensional plane as needed to perform necessary calculations.
Size Analysis
There are numerous geometrical descriptors available that can help quantify various aspects of size and shape. We use the following geometrical descriptors to determine Area (A) and Perimeter (P):
where (Dx i , Dy j ) are points in the pore, (x k , y k ) and (x k-1 , y k-1 ) are pixels on the enclosing boundary.
Shape Analysis
We routinely employ geometrical and Fourier descriptors to characterize and quantify shape. Geometrical descriptors are straightforward measurements of boundary geometry. We determine the boundary roundness (R) by determining the ratio of boundary area to the area of a circle whose perimeter is equal to that of the boundary as depicted below.
R ranges from 0 to 1. Roundness is a measure of the similarity of a given shape to that of a circle.
A measure of the shape anisotropy may be obtained by the descriptor Ellipticity (E). Ellipticity is determined by computing the lengths of the semi-major and semi-minor axes of A l and A s of a best-fit ellipse of the boundary. The lengths of the semi-major and semi-minor axes can be determined from:
where I max and I min are the greatest and least moments of inertia, respectively. E may be calculated as:
The method we employ for the measurement of Roundness and Ellipticity ensures that they are invariant to the geometrical transformations of rotation and translation. They are not, however, invariant to scaling, especially in the case of small pores. We have reported on this aspect of shape analysis previously [6] . In the case of sample images generated for this study, care was taken to ensure that the pores are within a range that would not lead to significant errors. For a description of the use of Fourier descriptors for object identification and classification, see our earlier paper [6] .
Results and Discussion
The results for pore size, pore roundness, pore ellipticity, and total number of pores are summarized in Figures 5-8 . Figure 5 shows the changes of pore size as function of fiber crimp, ODF anisotropy, and fiber diameter. For the same web density, an increase of fiber diameter reduces the total number of fibers per unit area, lowering the total number of crossovers per unit area. This results in increased average pore size (Figures 5a and 5c) .
It is interesting to note that an increase in fiber crimp results in smaller average pore size (Figures 5a and 5b) . To examine this tendency further, the pore size distribution is plotted as a function of fiber crimp in Figure 6 . An increase in fiber crimp INJ Winter 2000 17
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causes a shift in the distribution towards smaller pores in anisotropic structures (Figure 6a ). This occurs because an increase in crimp increases the number of crossovers especially in the direction perpendicular to the fiber axis. In random structures, the number of crossovers remains the same and increasing fiber crimp will have little or no effect on pore size. Figures 7 and 8 show the results for roundness and ellipticity as a function of fiber diameter and crimp and structures anisotropy. It may be noted that increasing fiber crimp in a given structure results in rounder, less elongated pores (Figures 7a and 8a) . The combined effect of structures anisotropy and fiber crimp are shown in Figures 7b and 8b . Here, at low levels of crimp, the effect of structure anisotropy is significant. As crimp increases, however, the structure anisotropy becomes less dominant as many pores are small and round. Consequently, for large values of crimp there is little or no difference between the pore shapes at different levels of anisotropy. As may be seen from Figure  9a , a high level of crimp has resulted in the formation of many small pores while a few large elongated pores remain, the pore size and shape are similar to those in a random structure shown in Figure  9b . These average values, however, must be used with caution in that the large pores in the highly anisotropy structures are probably affecting other important properties such as flow, strike through and mechanical behaviors. The combined effect of fiber diameter and structure anisotropy is shown in Figures 7c  and 8c . Here, the effect of structure anisotropy on shape is dominant. Smaller fiber diameters are expected to result in a larger number of pores and do not affect the pore shape.
The total number of pores as a function of fiber diameter and crimp and structures anisotropy is shown in Figure 10 . It may be noted that that fiber crimp results in a significant increase in the number of pores (Figure 10a) . The combined effect of structures anisotropy and fiber crimp are shown in Figure 10b . Both appear to have a significant effect on the number of pores. The effect of structure anisotropy for different fiber diameters is shown in Figure 10c . The effect of fiber diameter is clear. Concluding Remarks It is clear that for a given web density, a decrease in fiber diameter leads to a large increase in the number of pores. The average pore size, however, decreases rapidly. An increase in fiber crimp in general results in smaller but rounder pores. This effect is amplified in highly anisotropic structures. An increase in structure anisotropy reduces the number of possi- The maximum number of crossovers is achieved when the structure is isoptopic. In this case, the total number of crossovers will be a function of the total fiber length (i.e. density). Since density was kept constant, from all data presented above it is clear that crimp has little or no effect on pore size or shape or the total number of pores in isotropic structure.
It must be noted that other characteristics change significantly also. For example, the surface area increases significantly when using smaller fibers. This will be important in applications where a large surface area would be needed for applying surface finishes. Additionally, the bond-to-bond distance will decrease with smaller fibers. This will have implications for the way in which the material will respond to stresses. 
